Introduction
DCs express a wide variety of surface lectins that mediate detection of self and foreign carbohydrates [1] [2] [3] . Many of these lectins are members of the calcium-dependent C-type lectin family and have been associated with antigen uptake [1] . C-type lectins bind sugars through highly conserved CRDs [1] . These CRDs contain calcium-binding pockets that are essential for carbohydrate ligand binding [1] .
DC-SIGN was first identified as a DC-specific C-type lectin that regulates the first contact between DC and resting T cells by binding to ICAM-3 [4] . Human DC-SIGN is a 44 kDa type II transmembrane receptor displaying a CRD that is separated from the transmembrane region and cytoplasmic tail by a neck domain that consists of seven tandem repeat and one imcomplete tandem repeat [2] . DC-SIGN as well as several C-type lectin-like receptors participate in pathogen recognition and phagocytosis [2, 3] .
Especially, DC-SIGN has been studied well and functions as a receptor for micro-organisms such as viruses, bacteria, fungi and several parasites [2, 3] . DC-SIGN efficiently captures human immunodeficiency virus type I in the periphery and facilitates its transport to secondary lymphoid organs rich in T cells, to enhance infection in trans of these target cells [3] . Sindbis virus and hepatitis C virus can utilize DC-SIGN or L-SIGN as attachment receptors [2, 3] . It has been demonstrated that Mycobacterium tuberculosis evades the host defense system through the interaction with DC-SIGN [2, 3] . DC-SIGN promotes adherence and phagocytosis of a nonpathogenic E. coli K-12 strain by HeLa cells expressing human DC-SIGN [5] .
Immature DCs are able to internalize Candida albicans in specific DC-SIGN-enriched vesicles [2, 3] , and bind to Schistosoma mansoni soluble egg antigens [3] . DC-SIGN is a functionally relevant receptor for binding and internalization of Leishmania pifanoi amastigotes on DCs [3] .
Thus, DC-SIGN functions as a receptor for various types of microbes, but the mechanisms underlying DC-SIGN-mediated phagocytosis are not yet defined clearly.
In this study, HEK293 cells expressing human DC-SIGN were established and examined for the phagocytic activity toward E. coli. It was found that Raf-1 kinase, Syk kinase and NF-B are involved in the phagocytosis and Ca 2+ binding sites in the CRD of DC-SIGN are responsible for both phagocytosis of E. coli and multimerization of the protein. These mutations were confirmed by sequencing.
Materials and methods

Reagents
Phagocytosis. The phagocytosis was performed by the method described previously [6, 7] . by confocal laser scanning microscopy (CLSM) was previously described [6, 7] .
Immunoblotting and cross-linking. Immunoblotting was performed as described using either an anti-DC-SIGN mAb (MAB161) or an anti--actin mAb as a primary Ab and an HRP-conjugated anti-mouse IgG (Jackson ImmunoResearch Laboratories, Inc., West
Grove, PA) as a secondary Ab [6, 7] . Immunoreactive proteins were detected by using ECL™ detection reagents (GE Healthcare, Piscataway, NJ). Tokyo, Japan) using a 63 x objective (Leica Microsystems, Tokyo, Japan).
Results and discussion
Phagocytosis of E. coli by HEK293 cells expressing DC-SIGN
To investigate roles of DC-SIGN in bacterial phagocytosis, 293/DC-SIGN stable transfectants were established and examined for phagocytosis of the bioparticles of Alexa Fluor ® 488-E. coli. Phagocytosis was assayed under serum-free condition to exclude the involvement of Fc and/or complement receptors in the phagocytosis. The bioparticles were internalized by 293/DC-SIGN stable transfectants (Fig. 1A) , but not by HEK293 cells (Fig. 1B) . Then, HEK293 cells were transiently transfected with various amounts of the DC-SIGN construct and examined for phagocytosis of the bioparticles. It was found that 293/DC-SIGN transient transfectants internalized the bioparticles in a dose-dependent manner (Fig. 1C) . Next experiment was carried out to determine whether the endosomes containing the bioparticles maturate to be acidic ones.
For this purpose, pHrodo-E. coli bioparticles were used as bacterial targets, because they emit red fluorescence in the acidic environment. As shown in Fig. 1D , 293/DC-SIGN stable transfectants with internalized particles increased as the number of pHrodo-E. coli bioparticles added increased. This result suggests that E. coli bioparticles are internalized into 293/DC-SIGN stable transfectants and that the endosomes containing the bioparticles mature to be late endosome. In addition, it was found that the activity of 293/DC-SIGN stable transfectants to internalize E. coli bioparticles was significantly reduced by the addition of the DC-SIGN blocking Ab AZN-D1 at all ratios of cell to bacterium (Fig. 1E) . Cytochalasin-D, an inhibitor of actin microfilaments rearrangement, reduced the internalization of E. coli bioparticles in a dose-dependent manner (Fig. 1F ).
Taken together, these results strongly suggest that DC-SIGN expressed on the cell surface of 293/DC-SIGN stable transfectants is able to mediate phagocytosis of the gram-negative bacterium E. coli.
Molecular mechanisms underlying DC-SIGN-mediated phagocytosis of E. coli
To assess the mechanisms underlying the DC-SIGN-mediated phagocytosis of E. coli, we first examined for the effects of EDTA, a Ca 2+ chelator, on the phagocytosis assay, because DC-SIGN classified into a C-type lectin family binds carbohydrate residues in a Ca 2+ -dependent manner [2] . It was found that 5 mM EDTA markedly attenuated the percentage of phagocytosis from 73.2% to 18.4% ( Fig. 2A) and the phagocytic activity (MFI) by 96% (Fig. 2B) . This result suggests that the CRD of DC-SIGN is involved in the interaction with E. coli particles. Several lines of evidence on DC-SIGN-mediated signaling pathways have been accumulated [8] [9] [10] . DC-SIGN is colocalized with the protein-tyrosine kinases Syk and Lyn, Src-family kinases, in lipid raft-enriched microdomain, which are involved in immunoreceptor signaling in lymphoid and myeloid cells [9] . In addition, it has been demonstrated that ligation of DC-SIGN on human DCs induces activation of Raf-1, which subsequently induces acetylation of RelA (p65) of the transcription factor NF-B only after TLR4-induced activation of NF-B [8] .
However, it still remains unknown whether these signaling molecules are involved in the DC-SIGN-mediated phagocytosis. Therefore, next experiment was carried out to determine whether inhibitors specific for these signaling proteins affect the DC-SIGN-mediated phagocytosis. The NF-B inhibitor BAY11-7082 markedly attenuated the phagocytic activity of 293/DC-SIGN stable transfectants (Fig. 2C) ,
suggesting that NF-B plays an important role in the DC-SIGN-mediated phagocytosis. This is consistent with our previous finding that TLR-mediated signals leading to NF-B activation upregulate phagocytosis of bacteria by macrophages [6] . The Raf-1 kinase inhibitor GW5074 remarkably reduced the DC-SIGN-mediated phagocytosis of E. coli in a dose-dependent manner (Fig. 2C) . The Syk kinase inhibitor piceatannol also reduced the phagocytosis and, to a lesser extent, the Syk inhibitor sulfonamide 31 suppressed the phagocytosis (Fig. 2C ). These data suggest that Syk and Raf-1 kinases are involved in bacterial phagocytosis mediated by DC-SIGN. Although the phosphatidylinositol 3-kinase (PI3K) inhibitor LY294002 inhibited the DC-SIGN-mediated phagocytosis, another PI3K inhibitor wortmannin did not (Fig. 2C ).
In addition, the Akt inhibitor V did not inhibit the phagocytosis (Fig. 2C) . These results suggest that the PI3K/AKT pathway is not involved in the DC-SIGN-mediated phagocytosis. The MEK inhibitors U0126 and PD98059, and the p38 inhibitor SB203580 had no effect on the DC-SIGN-mediated phagocytosis (Fig. 2C) , suggesting that the MAPK pathway is not involved in the DC-SIGN-mediated phagocytosis. This is not in agreement with our previous finding that the p38 inhibitor SB203580 reduced the bacterial phagocytosis by a monocytic cell line, THP-1 cells [7] . This disagreement suggests that the bacterial phagocytosis by professional phagocytes like THP-1 cells [7] is different from that by nonphagocytic cells transfected with the phagocytic receptor DC-SIGN and/or is not mediated by DC-SIGN alone. This speculation is supported by the findings that the PI3K inhibitor wortmannin did not inhibit the DC-SIGN-mediated phagocytosis (Fig. 2C) , but did the phagocytosis by macrophages [7] .
Taken together, these results suggest that Ca 2+ ions are required for the
DC-SIGN-mediated phagocytosis of E. coli, which is regulated by Syk and Raf kinases as well as the transcription factor NF-B. In addition, it has been demonstrated that the
Syk inhibitor piceatannol did not inhibit phagocytosis of zymosan by HEK293 cells expressing Dectin-1 [11] . Therefore, it is speculated that the DC-SIGN-mediated bacterial phagocytosis uses the signaling pathway different from the phagocytosis by Dectin-1, although both DC-SIGN and Dectin-1 are members of the C-type lectin superfamily and have functional and structural similarity [2, 12] .
Contribution of Ca 2+ binding site of DC-SIGN to the phagocytosis of E. coli
It has been demonstrated that DC-SIGN consists of characteristic domains and motifs such as CRD, neck, incomplete ITAM, dileucine (LL) and tri-acidic (EEE) cluster [2] .
The CRD of DC-SIGN consisting of four amino acids (Glu347, Asn349, Glu354 and Asn365) interacts with Ca 2+ and are involved in the recognition of specific carbohydrate structures [2] . The CRD of DC-SIGN is separated from the transmembrane (TM)
regions by a neck domain that consists of seven complete and one imcomplete tandem repeat (Fig. 3A) . The neck domain mediates multimerization of DC-SIGN, which is required for binding of ligands or pathogens [13, 14] . The cytoplasmic tail of DC-SIGN includes internalization motifs, such as the LL and the EEE cluster [2, 15] , and an incomplete ITAM which is considered to be involved in signal transduction pathway [2, 15] .
In order to determine which motifs in DC-SIGN play a key role in bacterial phagocytosis, we made several mutants of DC-SIGN (Fig. 3A) and were transfected into HEK293 cells. It was found that DC-SIGN Y31S could mediate the phagocytosis of E.
coli, but DC-SIGN I77-L206 and DC-SIGN LL/AA reduced the phagocytosis, and DC-SIGN E347-N365 did not (Fig. 3B) . We thought that these differences in the activities of the four mutants might be attributed to the differences in the surface expression levels and/or the conformation of the binding site of DC-SIGN. To gain insights into mechanisms responsible for these differences in the phagocytosis, we examined whether these mutants of DC-SIGN are expressed on the surface of HEK293 transfectants.
DC-SIGN
WT and mutants were expressed in HEK293 cells (Fig. 4A) . Flow cytometric analysis showed that the mutants were expressed on the cell surfaces of their transfectants, although their expression levels varied (Fig. 4B) . Surprisingly, even DC-SIGN I77-L206 lacking the neck region responsible for oligomerization was expressed on the surfaces, although the expression level was significantly reduced in comparison with that of DC-SIGN WT (Fig. 4B ). This result suggests that these mutations, except for
DC-SIGN E347-N365
, do not have effects that are strong enough to abrogate the expression of DC-SIGN on the cell surface. However, DC-SIGN E347-N365 lacking CRD region responsible for the association with Ca 2+ was not expressed on the cell surface (Fig. 4B ). In addition, CLSM showed that the DC-SIGN E347-N365 protein was localized only in cytosol, but proteins of other mutants were localized specifically in the cell membrane (Fig. 4C) . These results suggest that Ca 2+ binding site in the CRD plays important roles in the surface expression as well as the interaction with Ca 2+ and microbes. It has been demonstrated that the neck domain of murine DC-SIGN responsible for tetramer formation is involved in efficient binding to multivalent ligands [16] and the impairment in tetramer formation results in the impairment of the binding to pathogens/ligands [14] . However, the involvement of Ca 
